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                                                               Abstract 
 
A finite difference code with multi-block capability and based on MacCormack time marching is 
developed to simulate two-dimensional unsteady compressible viscous laminar flow over an open 
cavity. The length to depth ratio of the cavity (L/D) is taken to be 4. The flow in the cavity is 
dominated by vorticity that acts as a source of sound and is transported downstream. The flow 
Reynolds number based on cavity depth is ReD =1500 and the Mach number M = 0.15. The 
radiated sound is further computed using a modified form of the Curle’s integral equation in 
which the source terms are calculated from flow fluctuations. Results show that the wall 
contributes most to the sound as expected. The code was validated against standard flow 
problems.  
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1. Introduction 
Aeroacoustics, or the sound generated by fluid 
flows, is an area of research that has received an 
increasing amount of attention during the past 
decade. Most of the research has been aimed at 
high Mach-number applications, with jet noise 
being the most typical case of interest. The 
interest for aeroacoustics in the vehicle industry 
has increased during the last few years, 
primarily because of customer surveys that 
show wind noise to be a common complaint [1]. 
In vehicle applications, the Mach numbers of 
the flows are typically small (<0.2). 
In the present work, flow over an open 
cavity is studied. This problem can be viewed as 
a canonical problem for aeroacoustic studies. As 
a precursor, it is essential to accurately simulate 
the unsteadiness due to the presence of the 
cavity. This field is further used to compute the 
sound field. The acoustic radiation is governed 
by Lighthill’s wave equation [2]. 
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called the Lighthill tensor, calculated from the 
flow solution. co is the speed of sound, ρ is the 
density, t is the time, x is spatial coordinate and 
δ  is the kronecker delta function. Curle solved 
Lighthill’s equation on a bounded domain, 
where the boundary surfaces are stationary with 
respect to observer [3]. 
1.1 Objectives 
The objectives of the present work are to  
1) Investigate the noise generation process, 
specifically the noise generation in wall 
bounded, separated, low Mach-number flows. 
2) Simulate the flow field accurately, which is 
required for the prediction of the acoustic field. 
3) Establish major sources of sound. 
2. Methodology 
 A finite difference compressible NS code in 
two dimensions is developed. The code is first 
validated against the standard case of channel 
flow and then its capability is extended to 
include multi-block. Subsequently, it is applied 
to an acoustic cavity.   
2.1 Governing Equations 
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The compressible Navier–Stokes equations,    
written in compact, conservative form are 
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Here τ is the shear stress, U is the solution vector, 
E and F are flux vectors, u and v are components 
of velocity in x and y directions respectively, qx 
and qy are heat fluxes in the respective directions 
and Et is the internal energy. Shear and normal 
stresses are given by stress-strain relationships 
and heat fluxes are given by Fourier’s law of heat 
conduction. 
Along with the above, the equation of state  
RTp ρ=                                                      (3d) 
is also solved. 
2.2 Numerical Method 
In the present work MacCormack’s time marching 
technique in finite difference approach is chosen 
[4]. It is an explicit time marching technique with 
second order accuracy in both time and space. 
It employs a two-step predictor-corrector 
technique. 
 Predictor step: 
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Corrector step: 
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By means of Taylor’s series expansion, 
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Δ t) is based on CFL condition. Time step (
2.3 Computational Domain       
 
           Fig 1: Dimensions are not up to scale 
 The domain is divided into four blocks as shown 
above, and “Multi Block” logic is incorporated in 
the code. Information is passed at block 
boundaries. 
 
3. Radiated Sound Field 
Radiated sound field is computed using Curle’s 
integral equation [3]. Curle wrote the solution of 
the Lighthill’s equation as  
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                                                                         (9) 
where ρ0 is the constant of integration, r=|x−y| is 
the distance between the source and the 
observer, nj is the surface normal pointing 
toward the fluid. The integrands are to be 
evaluated at the retarded time τ =t −r/co. 
3.1 Modified Curle’s Equation   
The spatial derivatives appearing in equation (9) 
can be replaced with temporal derivatives as 
shown below 
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Using the above relationship, equation (9) 
reduces to 
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where li and lj are components of the unit 
vector normal to the surface. The detailed 
explanation of the above derivation is given in 
reference [4]. As it is confirmed from the 
literature survey that the wall pressure 
fluctuations are the major sources of sound, 
other terms can be neglected to yield the 
following equation 
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 the surface contribute to the sound 
generation 
 
where a dot denotes time derivative. Since all 
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 )(
4
1),( 2
0 rrcfaces face ⎥⎦⎢⎣
If the source terms and r change only 
,0 ydS
pp
nlptxp ijijjiSS ∑ ∫ ⎥⎥
⎤
⎢⎢
⎡
+=−
• δδ
π             (13)  
slightly 
over a face, this can be approximated to 
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ipt f represents the average value over the 
into blocks 
that are numbered as shown below 
                                                   
 
where Af is the face area and rc is the distance 
from the observer to the center of the face. The 
subscr
face. 
4. Results 
Computational domain is divided 
 
             Fig 2: Blocks with Numbering 
 
  
Computations are carried out with 113×113 grid 
points in block one, 57×113 grid points in block 
two, 169×113 grid points in block three and 
57×15 points in block four. Grid is uniform in 
both x and y directions with Δ x=Δ y=3×10-5 m 
and time step Δ t is approximately 5×10-8 sec.  
Depth ‘D’ of the cavity is calculated from the 
flow Reynolds number and Mach number, 
assuming air as the working medium at mean-sea 
level conditions. Remaining dimensions are 
three) are extrapolated from the 
 of instantaneous streamlines is shown 
calculated from the ratios mentioned in fig.1. 
        Inlet boundary of block one and top wall 
boundaries of block one, block two and block 
three are at  flow Reynolds number of ReD=1500 
and at  Mach number of M=0.15.  No-Slip 
boundary condition is imposed on bottom wall 
boundaries of blocks one, block three, block four 
and on cavity side walls. Properties at the outlet 
boundary (block 
interior domain.  
4.1. Flow Features 
The flow in open cavities is highly complex and is 
dominated by vorticity production and transport. 
Since the geometry is simple, this proves to be an 
excellent bench mark problem. A sequence of 
snapshots
in Fig.3. 
       The sequence shows how the vortices are 
generated and they move out of the cavity. Here, 
the time is given in non-dimensional form 
(tU∞/D). The sequence of vortex formation and 
shedding repeats. We choose tU∞/D=0 as an 
arbitrary time. The sequence repeats after 
tU∞/D=14.40. At the initial instance, there is a 
primary vortex at left end of the cavity, and just 
down stream the right wall of the cavity there is 
another vortex, which is just ejected out of the 
cavity. At tU∞/D =4.12 another new vortex is 
formed at the left wall of the cavity. The new 
vortex grows in size from tU∞/D=4.12 to 8.23, 
pushing the primary vortex to the right end of the 
cavity. At tU∞/D=8.23 the free stream fluid starts 
entering to the cavity. At tU∞/D =12.35 newly 
formed vortex dissipates into the free stream. At 
tU∞/D= 12.35 another vortex is formed at the left 
end of the cavity which resembles the primary 
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vortex formed at initial instance. The primary 
vortex ejects out of the cavity at tU∞/D= 14.40.  
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 Fig 3: Instantaneous stream lines 
 This cyclic phenomenon repeats with a non 
dimensional time period Tp= 14.40. The 
obtained stream profiles are in good agre
with those given in [5] but the vortices 
downstream the cavity are little smaller.  
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am lines given in 
nd is calculated at nine 
observer locations, whose positions are 
given in table 1. 
   
         (h)  
Fig 4: Instantaneous stre
           Ref [5]    
4.2. Radiated Sound 
The radiated sou
ement         
      Fig 5: Representation of observer locations 
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server D  Ob x1/ X2/D
1 -2 7.16 
2 -1 7.16 
3  0 7.16 
4 1 7.16 
5 2 7.16 
6 3 7.16 
7 4 7.16 
8 5 7.16 
9 6 7.16 
 
            Table 1:  observer locations 
oints were chosen to match those given 
on to define the Sound Pressure Level as 
SPL= 20log10 
 
These p
in [5]. 
4.2.1 Sound Pressure Level (SPL) 
Since the human ear registers differences in 
sound levels on a logarithmic scale, it is 
comm
[6]. 
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observer locations 
and plotted as shown below 
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|
rms is the root mean square value of the 
pressure fluctuations calculated from equation 
(14). The sound pressure levels are calculated at 
the above mentioned nine 
 
                            Fig 3. SPL Vs x1/D 
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onclusions 
A finite difference code is developed to 
solve two-dimensional compressible 
unsteady Navier-Stokes equations over an 
open acoustic cavity. The flow field 
simulated qualitatively matches the results 
reported in [5]. The flow in the cavity is 
dominated by vorticity. The flow achieves a 
periodic state with continuous production of 
well-defined coherent vortices in the cavity, 
which are transported downstream. The 
vorticity is responsible for the sound 
generation since the flow is laminar. It is 
found that maximum sound is radiated 
towards the upstream of the cavity and
th
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